A membrane for controlling methanol-to-olefin (MTO) reactions was developed, which featured an MFI-type zeolite membrane (Si/Al = 25) that was synthesized on a porous α-alumina substrate using a secondary growth method. Here, the H 2 /SF 6 permeance ratios were between 150 and 450. The methanol conversion rate was 70% with 38% ethylene selectivity and 28% propylene selectivity as determined using a cross-flow membrane contactor. In order to improve the olefin selectivity of the membrane, the MFI zeolite layer (Si/Al = ∞) was coated on an MFI-type zeolite membrane (Si/Al = 25). Using this two-layered membrane system, the olefin selectivity value increased to 85%; this was 19% higher than the value obtained during the single-layer membrane system.
membrane, resulting in 85% olefin selectivity [8] . However, the effects of a cross-flow reactor were not discussed in that study. In order to commercialize these types of membrane contactors, cross-flow-type reactors should be further developed.
Numerous studies were conducted using MFI-type zeolite membranes [7] [8] [9] [10] [11] . Sugiyama et al. developed a new silica substrate that improved gas permeation from 3.0 × 10 −6 mol·m −2 ·s −1 ·Pa −1 for N 2 permeance to 108 × 10 −6 mol·m −2 ·s −1 ·Pa −1 for N 2 /SF 6 permeance [9] . Ueno et al. established the amount of seed crystal coating needed to improve the selective permeation of acetic acid (AcOH). An AcOH/H 2 O separation factor of 33 with a total flux of 0.04 kg·m −2 ·h −1 was observed for the membrane coated with 5 g·m −2 of seeds [10] . Zhou et al. synthesized MFI-type zeolite membranes with high ethanol selectively for the successful preparation of an extremely diluted solution (H 2 O/SiO 2 ratio of 800) and tetra-n-propylammonium bromide (TPABr) as inexpensive structure-directing agents [11] .
In this study, an MFI-type zeolite membrane contactor was developed using a cross-flow reactor. The effects of surface coating and the regeneration of the MFI-type zeolite membrane are discussed further.
Materials and Methods

Preparation of the MFI-Type Zeolite Membrane
The MFI-type zeolite membrane was prepared from an α-alumina substrate (outer diameter: 10 mm, length: 30 mm) using a secondary growth method. Here, MFI-type zeolite seed crystals were prepared in accordance with the protocols from previous reports [11] and applied to the substrate via dip coating. For the synthetic gel, tetra-n-propylammonium bromide (TPABr, 98%; FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan), tetramethoxysilane (TMOS; Shin-Etsu Chemical Co., Ltd., Tokyo, Japan), sodium hydroxide (NaOH, 97.0%, zeolites; Kanto Chemical Co., Inc., Tokyo, Japan), sodium aluminate (NaAlO 2 , Al/NaOH = 0.81; FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan), and pure water were used. The composition of the resulting gel was TMOS:TPABr:NaOH:H 2 O:NaAlO 2 = 1:0.2:0.07:200:0.04 molar ratio. The resulting synthetic gel was stirred at room temperature for 1 h, followed by hydrothermal synthesis at 180 • C for 16 h. Thereafter, it was calcined at 500 • C for 15 h.
A second layer was applied to suppress surface reactions in the membrane contactor. The composition of the synthetic gel was TMOS:TPABr:NaOH:H 2 O = 1:0.005:0.05:75. The synthetic gel was stirred for 1 h, followed by hydrothermal synthesis at 180 • C for 24 h and calcination at 500 • C for 15 h. Ammonium chloride (NH 4 Cl; FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) was used for the ion exchange process for the conversion into the H + form. The membrane was then immersed in 1 M NH 4 Cl aqueous solution at 85 • C for 3 h. Thereafter, calcination occurred at 500 • C for 3 h.
Characterization
For the characterization of the MFI-type zeolite membrane, an X-ray diffractometer (XRD; SmartLab, Rigaku, Tokyo, Japan) and a scanning electron microscope (SEM, VE8800; Keyence, Osaka, Japan) were used. Energy-dispersive X-ray spectroscopy (EDS, JSM-7610, JEOL, Tokyo, Japan) was employed for elemental analysis. The single-gas permeances of H 2 , N 2 , and SF 6 were measured using a bubble flowmeter at room temperature.
The gas permeance P i (mol·m −2 ·s −1 ·Pa −1 ) was calculated using Equation (1), where n i /t (mol·s −1 ) denotes the molecular permeation rate, A (m 2 ) is, the membrane area, and ∆p (Pa) is the pressure difference between the membrane feed side and the permeate side. As presented in Equation (2), membrane selectivity was evaluated using the permeance ratio α ij (-).
2.3. The MTO Reaction Figure 1 presents in detail the experimental apparatus used for the MTO reaction. Here, methanol was evaporated in the bubbler and supplied to the outside (supply side) of the membrane using N 2 as the carrier gas. In addition, N 2 was supplied as the sweep gas to the inside (permeate side) of the membrane to "sweep" molecules that permeated from the membrane supply side to the permeate side. The reaction was continued for 5 h at 400 • C. The carrier gas flow rate was 9.3 mL·min −1 , the sweep gas flow rate was 32 mL/min, and the supplied methanol vapor concentration was 0.27 mol·L −1 . The product composition obtained from the permeate side was analyzed using gas chromatography (GC-2014, Shimadzu, Japan). Moreover, the conversion (X MeOH ) rate and the selectivity (S CxHy ) were calculated using the following formulas:
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The MTO Reaction
= ℎ ℎ .
(4) Figure 1 . Schematic for the membrane contactor, including a diagram for the membrane module.
Regeneration of the Catalyst via O3 Treatment
The catalytic property of the membrane was regenerated by heating under ozone at 100 °C for 4 h, following the protocol established in a previous study [12] . O3 was supplied to the outer side of the membrane at a flow rate of 200 mL•min −1 . Figure 2 presents the SEM images of the MFI-type zeolite membrane's surface on an α-alumina substrate. In Figure 2a , randomly oriented coffin-like crystals of about 6 to 9 µm in size can be observed (first layer), whereas, in Figure 2b , terraced structures were noted on the surface crystals of the MFI-type zeolite membrane (second layer). Even though the crystal sizes were similar on both surfaces, the crystal growth rate varied depending on the Si/Al ratio of the parent gel. Without the addition of Al to the parent gel, the prevailing reaction conditions induced much slower crystallization of the second layer. No cracks or pinholes were observed on the surface of the membrane. 
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Gas Permeation Tests
Next, the membrane's ability to facilitate gas permeation was evaluated using single-gas permeation tests. Here, the gas ratios of H2, N2, and SF6, as well as the permeance ratio of H2/SF6, were determined ( Figure 5 ). The gas molecular diameters were 0.29, 0.37, and 0.55 nm, respectively, and the pore diameter of MFI-type zeolite was 0.55 nm. Ideally, a membrane without cracks or pinholes should exhibit high H2 permeance and low SF6 permeance values; however, the membrane created in this study had a high H2/SF6 permeance ratio of between 150 and 450, which meant that a dense membrane without any large defects was obtained. As shown, the N2 permeance was 1.1 × 10 −6 
Next, the membrane's ability to facilitate gas permeation was evaluated using single-gas permeation tests. Here, the gas ratios of H 2 , N 2 , and SF 6 , as well as the permeance ratio of H 2 /SF 6 , were determined ( Figure 5 ). The gas molecular diameters were 0.29, 0.37, and 0.55 nm, respectively, and the pore diameter of MFI-type zeolite was 0.55 nm. Ideally, a membrane without cracks or pinholes should exhibit high H 2 permeance and low SF 6 permeance values; however, the membrane created in this study had a high H 2 /SF 6 permeance ratio of between 150 and 450, which meant that a dense membrane without any large defects was obtained. As shown, the N 2 permeance was 1.1 × 10 −6 mol·m −2 ·s −1 ·Pa −1 , which was reduced to 66% when compared with the previous report [11] . The inorganic gas permeability increased as a whole after the ion exchange process, and H 2 permeability increased 1.5-fold from 1.1 × 10 −6 to 1.7 × 10 −6 mol·m −2 ·s −1 ·Pa −1 . The permeability of SF 6 increased about 5.5-fold from 5.5 × 10 −9 to 1.5 × 10 −8 mol·m −2 ·s −1 ·Pa −1 . This was due to the gas diffusivity of the MFI pores, which changed because the Na + ions present in the MFI-type zeolite were replaced by H + . On the other hand, coating with silicalite-1 reduced the H 2 permeance by almost 70% (from 2.4 × 10 −6 to 7.5 × 10 −7 mol·m −2 ·s −1 ·Pa −1 ), whereas the SF 6 permeance decreased by almost 50% (from 5.5 × 10 −9 to 2.9 × 10 −9 mol·m −2 ·s −1 ·Pa −1 ). Relative to the size of the molecule, the extent to which the H 2 permeance decreased was quite large. This could be explained by the increase in the total thickness of the membrane due to the coating of the second layer. In the ion exchange process using the two-layered membrane, the H 2 permeance changed from 7.4 × 10 −7 to 7.6 × 10 −7 mol·m −2 ·s −1 ·Pa −1 , representing a relatively small difference. On the other hand, the permeability of SF 6 increased 1.75-fold from 2.9 × 10 −9 to 5.1 × 10 −9 mol·m −2 ·s −1 ·Pa −1 . From this, the same trend as seen in the Si/Al = 25 single-layer membrane was observed.
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MTO Reaction
Even though MTO reaction tests were conducted in this study using two types of membranes with different Si/Al ratios, there was not much difference in the reactivity in relation to the Al content. With Si/Al = 25, 70% olefin conversion, 38% ethylene selectivity, and 28% propylene selectivity were obtained, whereas 73% olefin conversion, 28% ethylene selectivity, and 15% propylene selectivity were obtained when Si/Al = ∞. The reason for the conversion and olefin selectivity observed when Si/Al = ∞ could be that the Al concentration in the MFI-type zeolite layer remained at the same level due to the elution of Al from the alumina substrate (Figure 4 ). In addition, the deactivation of the catalyst was very fast, regardless of the amount of Al; within 60 min of the start of the reaction, reactivity dropped sharply from an olefin conversion rate of 70% to 59%, and selectivity dropped from 65% to 7%. Most notable was the fact that, after the reaction, the membrane was entirely black due to the deactivation of the catalyst via coke deposition. Table 1 . Comparison of the olefin:paraffin ratio (O/P ratio) of the products.
Name Experimental Method O/P Ratio (-)
Single-layer membrane (Si/Al = 25) Cross-flow 13.1
Previous study [7] Dead-end 3.5
Two-layered membrane Cross-flow 26.6
In addition, both the conversion rate and the selectivity were about 20% lower than the values reported in the previous studies; this was attributed to differences in the test methods. In this study, the reaction was carried out via the cross-flow method, whereas the dead-end method was used in previous studies [7] . In the cross-flow method, MeOH molecules permeated the membrane due to a partial pressure difference, and all the MeOH molecules that did not permeate the membrane flowed to the vent side. On the other hand, MeOH molecules in the dead-end method permeated the membrane via a pressure difference between the outside and inside of the membrane, and all the MeOH molecules that were outside of the membrane also permeated the inside of the membrane. In the current study, the vapor pressure of MeOH was 28 kPa, whereas the previous study reported a value of 0.67 kPa, which was 1/20 of the value observed in the current study. The reaction times for both methodologies are notably different. In the dead-end method, the pressure was low because the reactants tended to stay within the zeolite layer, thereby extending their contact time with the catalyst. On the other hand, the pressure tended to be high in the cross-flow method because permeation of the zeolite layer was a fast process, and the MeOH molecules did not readily react. Thus, while a higher conversion rate was obtained in the previously reported experiment using the dead-end method, the cross-flow method had the advantage of being more selective toward the generation of olefin. In Table 1 , the ratios of products derived from the carbon number of olefins and paraffins (the O/P ratio) are summarized. Generally, the values observed in the previous studies approximated the results observed on the membrane permeation side. When comparing the two, an O/P ratio of 13.1 was obtained in the current study, which was 3.5-fold greater than that (an O/P ratio of 3.5) observed in the previous report. This was clear evidence that the cross-flow method was preferentially selective toward the generation of olefin. Figure 7 presents a plot of the course of the reaction's time against the conversion and selectivity of the MTO reaction in the ZSM-5-type single-layer membrane. The conversion rate and selectivity both peaked at 15 min and then experienced a rapid decrease. Almost no olefin was obtained 240 min after the start of the reaction, and the ethylene selectivity was only 4%, which resulted in a large amount of DME. Propylene was not observed after 15 min, which indicated that the catalyst was deactivated by the formation of coke on the membrane surface. This deactivation issue was, however, resolved upon treatment with O 3 (Figure 8 ). The ozone-treated membrane exhibited 67% methanol conversion, 40% ethylene selectivity, and 25% propylene selectivity. When the results before and after ozone treatment were compared, the conversion rate and selectivity decreased slightly by about 2% to 5%. This was the result of the removal of coke via oxidation into carbon dioxide. In a previous report [12] , the membrane was blackened before the O3 treatment was performed; however, the film turned white upon treatment with O3. In addition, the MFI-type zeolite crystal was not destroyed during the treatment process because the film's performance and the XRD patterns exhibited no deterioration after O3 treatment. The ozone-treated membrane exhibited 67% methanol conversion, 40% ethylene selectivity, and 25% propylene selectivity. When the results before and after ozone treatment were compared, the conversion rate and selectivity decreased slightly by about 2% to 5%. This was the result of the removal of coke via oxidation into carbon dioxide. In a previous report [12] , the membrane was blackened before the O3 treatment was performed; however, the film turned white upon treatment with O3. In addition, the MFI-type zeolite crystal was not destroyed during the treatment process because the film's performance and the XRD patterns exhibited no deterioration after O3 treatment. The ozone-treated membrane exhibited 67% methanol conversion, 40% ethylene selectivity, and 25% propylene selectivity. When the results before and after ozone treatment were compared, the conversion rate and selectivity decreased slightly by about 2% to 5%. This was the result of the removal of coke via oxidation into carbon dioxide. In a previous report [12] , the membrane was blackened before the O 3 treatment was performed; however, the film turned white upon treatment with O 3 . In addition, the MFI-type zeolite crystal was not destroyed during the treatment process because the film's performance and the XRD patterns exhibited no deterioration after O 3 treatment. Figure 9 presents a plot of the changes in the conversion rate and reaction selectivity against time before and after O 3 treatment. Here, it can be observed that, although the catalyst's performance was temporarily recovered by the O 3 treatment process, both the conversion rate and the selectivity decreased just as rapidly as before O 3 treatment. In particular, the rate of reduction for the conversion value observed at the 60-min mark was large; about 57% was obtained before O 3 treatment, but only about 45% was noted after treatment. It is possible that the regeneration of the catalyst by O 3 treatment was inadequate; thus, finding more effective means of prolonging the catalyst's performance should be a principal goal for the future development of contactor-type membrane reactors.
Catalyst Regeneration
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Conclusions
An MFI-type zeolite membrane contactor that was synthesized using the cross-flow method was shown to be effective for MTO reactions. Here, methanol conversion was 70% with 38% ethylene selectivity and 28% propylene selectivity when the MFI-type zeolite membrane had an Si/Al ratio of 25. By applying the coating of the MFI -type zeolite layer without Al, the ethylene selectivity and propylene selectivity were improved to 60% and 25%, respectively, and the total olefin selectivity also increased to 85%. This was attributed to the suppression of the surface reaction by the MFI-type zeolite layer coating. The catalytic activity for the MFI-type zeolite membrane contactor could be regenerated by treatment with O3. 
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